ROLL OVER STABILITY CONTROL FOR AN AUTOMOTIVE 
VEHICLE HAVING AN ACTIVE SUSPENSION 

Technical Field 

[0001] The present invention relates generally to a 
dynamic behavior control apparatus for an automotive 
vehicle, and more specifically, to a method and apparatus 
for controlling rollover of the vehicle using an active 
suspension by changing a suspension position. 

Background 

[0002] Dynamic control systems for automotive vehicles 
have recently begun to be offered on various products. 
Dynamic control systems typically control the yaw of the 
vehicle by controlling the braking effort at the various 
wheels of the vehicle. Yaw control systems typically 
compare the desired direction of the vehicle based upon the 
steering wheel angle and the direction of travel. By 
regulating the amount of braking at each corner of the 
vehicle, the desired direction of travel may be maintained. 
Typically, the dynamic control systems do not address 
rollover of the vehicle. For high profile vehicles in 
particular, it would be desirable to control the rollover 
characteristic of the vehicle to maintain the vehicle 
position with respect to the road. That is, it is desirable 
to maintain contact of each of the four tires of the vehicle 
on the road. 

[0003] Vehicle rollover and tilt control (or body roll) 
are distinguishable dynamic characteristics. Tilt control 



1 



maintains the vehicle body on a plane or nearly on a plane 
parallel to the road surface. Roll over control is 

maintaining the vehicle wheels on the road surface. One 
system of tilt control is described in U.S. Patent 
5,066,041. The ^041 patent uses control elements arranged 
between the vehicle wheel suspension members and the vehicle 
body to generate forces in a vertical direction. The 
control elements generate a rolling moment at the vehicle 
body counteracting the rolling motion caused by driving 
conditions. The rolling moment distribution is controlled 
between the front axle and the rear axle. 

[0004] U.S. Patent 5,046,008 is a similar device to that 
described in the ^041 patent. This device is also 

specifically directed to minimizing the roll angle of the 
vehicle body using adjustable spring struts. 

[0005] During certain vehicle maneuvers, the vehicle may 
not be in a turning or yawing condition but may be in a 
rollover condition. This situation may occur during a trip 
event. A trip event may occur when the vehicle slides 
laterally into an object such as a curb. Such a system does 
not address preventing rollover in a vehicle. 

[0006] It would therefore be desirable to provide a roll 
stability system that detects a potential rollover condition 
as well as to provide a system not dependent upon a yaw 
condition . 
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Summary of the Invention 

[0007] A rollover control system for use in a vehicle 
that is provided that generates a restoring torque by 
controlling an active suspension. 

[0008] In one aspect of the invention, a method of 
controlling rollover stability of a vehicle having a first 
side suspension and a second side suspension comprises the 
steps of: 

sensing imminent rollover of the vehicle in 
response to a rollover signal; 

determining a loading side and a unloading of the 

vehicle; 

unloading the first side suspension corresponding 
to the unloading side suspension; 

loading the second side suspension corresponding 
to the loading side suspension; and 

generating a restoring torque in response to the 
steps of unloading and loading. 

[0009] One advantage of the invention is that the system 

may be used in conjunction with a brake actuated rollover 
control system of a steering actuated rollover control 
system. 

[0010] Other advantages and features of the present 

invention will become apparent when viewed in light of the 
detailed description of the preferred embodiment when taken 
in conjunction with the attached drawings and appended 
claims . 
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Brief Description Of The Drawings 

[0011] Figure 1 is a diagrammatic rear view of a vehicle 

with force vectors having a roll stability system according 
to the present invention. 

[0012] Figure 2 is a frame -by- frame view of a vehicle 
rolling over with an active suspension compared to that 
having an active suspension controlled according to the 
present invention. 

[0013] Figure 3 is a block diagram of a roll stability 
system according to the present invention. 

[0014] Figure 4 is a flow chart of a preferred method for 
operating a rollover stability system according to the 
present invention. 

[0015] Figure 5 is a plot of suspension force over time 
for a passive suspension system and an active suspension 
system according to the present invention. 

[0016] Figure 6 is a plot of the length of a torque arm 
versus time of a passive suspension system and an active 
suspension system according to the present invention. 

Description Of The Preferred Embodiment 

[0017] Referring to Figure 1, an automotive vehicle 10 
without a rollover stability system of the present invention 
is illustrated with the various forces and moments thereon 
during a rollover condition. Vehicle 10 has right and left 
sides when viewed longitudinally with tires 12 and 13 
respectively. Generally, the vehicle has a weight 
represented as M*g at the center of gravity of the vehicle 
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which is distributed on the right and left side tires 12, 13 
as (M*g)/2. The distance between the tires is W. The 
distance from ground 14 to the center of gravity is h. The 
invention is particularly useful for use to prevent rollover 
in both tripped an untripped conditions. To represent a 
tripped condition, a curb 16 has been illustrated which 
produces a lateral horizontal force Fh- The present 

invention is used to provide a vertical force Fv. 

[0018] Referring now to Figure 2, a comparison of the 
reaction forces between a conventional passive suspension 
and a vehicle with an active suspension according to the 
present invention is illustrated. As can be seen in the 
passive case rollover occurs. In the active case of the 
present invention, by controlling an active suspension 
within situation window 17, forces Funioading and Fioading are 
applied to respective sides of the vehicle. In the 

following example the unloading side is the side of the 
vehicle raised or in which the suspension is being unloaded. 
The loading side is the side of the vehicle in which the 
suspension is being loaded or bearing more weight . 

[0019] Referring now to Figure 3, a roll stability 
control system 24 is included within vehicle 10, which is in 
a roll condition. The forces illustrated in Figure 2 are 
given the same reference numerals as the forces and moments 
in Figure 1. In Figure 2, however, roll stability 

controller 24 reduces the rollover forces to reduce imminent 
rollover. Thus, the tire vector or lateral forces at tire 
12 is reduced as well. This tendency allows the vehicle to 
tend toward the horizontal. 
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[0020] Roll stability control system 24 has a controller 
2 6 used for receiving information from various vehicle 
condition sensors that alone or in combination form a 
rollover sensor. The rollover sensor may include but is not 
limited to a yaw rate sensor 28, a speed sensor 30, a 
lateral acceleration sensor 32, a roll rate sensor 34, a 
steering wheel angle sensor 35, a longitudinal acceleration 
sensor 3 6 and a pitch rate sensor 37. Lateral acceleration, 
roll orientation and speed may be obtained using a global 
positioning system (GPS) . Based upon inputs from the 
sensors, controller 26 controls the rollover forces. The 
rollover forces may be modified by brake control 38. As will 
be further described below, changing the steering angle or a 
combination of brake and steering control may also be used. 
Depending on the desired sensitivity of the system and 
various other factors, not all the sensors 28-37 may be used 
in a commercial embodiment . 

[0021] There are many possible ways to measure, estimate 
or infer the roll and pitch condition of the vehicle . The 
roll rate sensor 34 and pitch rate sensor 3 7 may be replaced 
with a number of other vehicle measurements or combinations 
of measurements. 

[0022] Roll rate sensor 34 and pitch rate sensor 37 may 

determine the roll condition of the vehicle based, in part, 
on sensing the height of one or more points on the vehicle 
relative to the road surface. Sensors that may be used to 
achieve this include a radar-based proximity sensor, a 
laser-based proximity sensor and a sonar-based proximity 
sensor . 
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[0023] Roll rate sensor 34 and pitch rate sensor 37 may 
also sense the roll condition based on sensing the linear or 
rotational relative displacement or displacement velocity of 
one or more of the suspension chassis components which may 
include a linear height or travel sensor or a rotary height 
or travel sensor. 

[0024] Roll rate sensor 3 4 and pitch rate sensor 3 7 may 
also sense the roll condition based on the preceding 
position measurements or other inert ial measurements 
combined with wheel speed sensors used to look for abnormal 
changes in one or more wheel velocities that may indicate a 
zero normal load on the tires. 

[0025] Roll rate sensor 34 and pitch rate sensor 37 may 
also sense the roll condition based on one of the preceding 
position measurements or other inertial measurements 
combined with a driver heading command input from an 
electronic component that may include steer by wire using a 
hand wheel or joy stick. 

[0026] The potential of a roll condition is associated 
with a zero normal load or a wheel lift condition on one or 
more of the wheels. A zero normal load, and thus a roll 
condition may be detemined by sensing the force or torque 
associated with the loading condition of one or more 
suspension or chassis components including a pressure 
transducer in a suspension actuator. Similarly, a load cell 
or a strain gauge may be mounted to measure the force in a 
suspension component. The zero normal load condition may be 
used alone or in combination with other displacement or 
inertial measurements to accurately monitor the vehicle roll 
condition. 
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[0027] The power steering system actuation can be 
monitored to infer the normal load on the steered wheels. 
The steering load can be monitored by measuring one or more 
of the absolute or relative motor load, the steering system 
pressure of the hydraulic lines, tire lateral force sensor 
or sensors, a longitudinal tire force sensor(s), vertical 
tire force sensor(s) or tire sidewall torsion sensor(s). 
The steering system measurements used depend on the steering 
system technology and the sensors available on the vehicle. 

[0028] The roll condition of the vehicle may also be 
established by one or more of the following translat ional or 
rotational positions, velocities or accelerations Oof the 
vehicle including a roll gyro, the roll rate sensor 34, the 
yaw rate sensor 28, the lateral acceleration sensor 32, a 
vertical acceleration sensor, a vehicle longitudinal 
acceleration sensor, lateral or vertical speed sensor 
including a wheel-based speed sensor, a radar-based speed or 
proximity sensor, a sonar-based speed or proximity sensor, a 
laser-based speed or proximity sensor or an optical-based 
speed or proximity sensor. 

[0029] Speed sensor 3 0 may be one of a variety of speed 
sensors known to those skilled in the art. For example, a 
suitable speed sensor may include a sensor at every wheel 
that is averaged by controller 26. Preferably, the 

controller translates the wheel speeds into the speed of the 
vehicle. Yaw rate, steering angle, wheel speed and possibly 
a slip angle estimate at each wheel may be translated back 
to the speed of the vehicle at the center of gravity {V_CG) . 
Various other algorithms are known to those skilled in the 
art. For example, if speed is determined while speeding up 
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or braking around a corner, the lowest or highest wheel 
speed may not be used because of its error. 

[0030] Brake control 3 8 controls the front right brake 
40, the front left brake 42, the rear left brake 44, and the 
right rear brake 46. Based on the inputs from sensors 28 
through 34, controller 26 determines a roll condition and 
controls the brake force of the brakes on the appropriate 
side of the vehicle. The braking force is balanced on the 
side of the vehicle to be controlled between the front and 
rear brakes to minimize the induced yaw torque and induced 
path deviation. The yaw rate sensor 2 8 generates a raw yaw 
rate signal. 

[0031] In the preferred embodiment, if brake control (or 
steering direction) is not appropriate or does not 
counteract roll forces, active suspension control 47 
controls the active suspension 49 and associated components 
corresponding to their location on the vehicle. That is, 
active suspension control 47 controls the front right 
component 48, front left component 50, rear left component 
52 and rear right component 54 . 

[0032] A steering controller 55 coupled to a steering 
actuator 57 may also be coupled to controller 26. Steering 
controller 55 may also be used to generate a restoring 
torque in addition to suspension control by controlling the 
steering actuator 57. Steering controller 55 may also be 
used alone with the suspension control 47. As will be 
further mentioned below, the suspension may be used without 
brake or steering control as well. That is, the active 
suspension control may be used alone to control rollover and 
provide a restoring torque. 



[0033] Active suspension 49 may comprise one of several 
types or combination of types of systems. Active suspension 
49, for example, may include an electrical active suspension 
using electric motors to extend or retract the suspension. 
Also, active suspension 4 9 may include hydraulic type 
components which use hydraulic fluid to expand and retract 
the suspension. 

[0034] It is possible to write a sum of the torque's 
equation around the center of gravity (CG) : 

[0035] Thus, by applying an active suspension force F^, it 
is possible to prevent rollovers for a large impact force Ft, 
such as that provided by curve 16. Thus, if F^=mg and 
w/2h=1.2, then an additional impact force of 1.2 mg can be 
tolerated using an active suspension. Typically, the w/2h 
is between 1.1 and 1.7 for most cars. For heavy trucks this 
threshold is typically 0.4 to 0.6. Thus, the above 

equations now become: 



g + FJm 2h 

[0036] Thus as can be seen, when is rag the rollover 

threshold has been increased by 100 percent. As those 
skilled in the art will recognize, this type of system also 
applies to non- tripped rollovers and can be used therefor. 

[0037] When using an active suspension, the maximum 
stroke length of the suspension must also be taken into 
consideration. For example, if a maximum force capability 
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is m*g (on one side of the vehicle, and the maximum stroke 
length s equals 0.2 meters, the m*g force can be applied for 
approximately 0.2 seconds where time=sqrt (2) s/g . This 
duration may be too short depending on Fh- The need for such 
a high magnitude of restoring torque may not be required. 
Therefore, a smaller force having a longer duration may also 
be used. These types of parameters will vary from vehicle 
to vehicle. Therefore, the teachings of the present 

invention may be applied and tested in a real world 
situation to determine optimum times, durations and amounts 
of force to be applied to the suspension. 

[0038] Another way of restating the above is: 

mAZ -[F -mg)Ar 
I Ap = [(f„„,„^^,„^ - F,^^„^ ) *{TrackWidth 1 2) * cos (^)] Ar 

Z : sprung mass displacement ( 3 ) 

p : roll velocity 
(p : roll angle 

[0039] That is, it is the goal to reduce the sign of the 
roll velocity p and the sprung mass displacement. 

[0040] In the following description, ''^unloading" and 
"wheel" is used to refer to the side of the vehicle where 
the passive suspension, after a trip event, would unload the 
wheel due to rollover energy. The object of the invention 
is to compress the suspension on the unloading side of the 
vehicle as much as possible and reduce the length of the 
sprung mass on this side. That is, the passive suspension 
is preferably retracted on the unloading side. Of course, 
the duration and length of the retracting motion may be 
limited due to reaching the jounce limit. 
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[0041] The "loading" wheel is the side of the passive 
suspension which after a trip event would load the wheel due 
to rollover energy. The present invention seeks to extend 
the passive suspension on the loading side of the vehicle as 
much as possible to extend the sprung mass and stabilize the 
rolling momentum by providing a restoring torque. The force 
in this direction is limited by heave dynamics and 
suspension travel as well. As can be observed, if vehicle 
dynamics do not allow a desired amount of unloading or 
loading, the amount of the restoring torque provided by the 
opposite unloading or loading side may be increased. It 
should be noted that the effective torque arm of the vehicle 
is (track_width) /2*cos (roll_angle) . The effective torque 
arm is much larger at the initial stage of a rollover event 
when the roll angle is small. 

[0042] Referring now to Figure 4, the vehicle conditions 
are sensed to determine whether rollover is imminent. 
Various sensors may be used, as described above, for 
determining the rollover propensity. In step 58, if 

rollover is not imminent based upon the sensed vehicle 
conditions, step 56 is repeated. If rollover is imminent 
based upon the sensed vehicle conditions, step 60 is 
executed in which brakes or steering are applied to provide 
a restoring torque. As mentioned above, the force on the 
brakes on the side of the vehicle may be used to reduce tire 
forces and thus provide some restoring torque . However, in 
certain conditions such application of brakes or steering 
may not provide enough restoring torque. After step 60, 
step 62 is executed which monitors the sensed vehicle 
conditions and step 64 thus determines if enough restoring 
torque is being applied by the brakes or steering. If 
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enough restoring torque is provided, step 56 is executed. 
If in step 64 enough restoring torque is not provided, the 
loading side and unloading side of the vehicle is 
determined. As mentioned above, the loading side of the 
vehicle is the side of the vehicle that is being loaded with 
the weight of the vehicle due to the imminent rollover 
event . 

[0043] In step 68, a load is applied to the loading 
wheels. That is, a load is applied to extend the suspension 
components on the loading side of the vehicle. Typically, 
the front and rear of the loading side of the vehicle will 
be applied simultaneously to provide effective results. 
Applying a load causes the suspension to extend on the 
loading side of the vehicle so that the sprung mass 
stabilizes the rolling momentum and provides a restoring 
torque . 

[0044] In addition to step 68, step 70 also provides a 
restoring torque by unloading the unloading wheels of the 
vehicle. That is, the suspension on the unloading side of 
the vehicle is retracted or compressed to pull down the 
sprung mass on the unloading side. In step 72, the 

culmination of steps 68 and 70 provide a restoring torque to 
maintain the vehicle in an upright position. After step 72, 
step 56 is repeated. 

[0045] It should be noted that steps 60 through 64 are 
optional steps. These steps illustrate that the present 
invention may be part of a more complex control system for 
an automotive vehicle. However, steps 60 through 64 may 
also be eliminated if suspension control alone is desired. 
It should be also noted that preferably steps 68 and 70 are 
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performed simultaneously to provide a restoring torque. 
Because both of the restoring torques act together, the 
loading and unloading of the suspension takes place 
simultaneously. Also, to reduce the time for generating the 
restoring torque, step 68 is preferably applied to fully 
extend the passive suspension on the loading side of the 
vehicle while step 70 is preferably performed to fully 
unload the unloading wheels and therefore retract the 
suspension on the unloading side of the vehicle. That is, 
the unloading side of the vehicle is preferably retracted to 
a fully jounced position while the loading side of the wheel 
of the vehicle is preferably placed in a fully rebounded 
position . 

[0046] Referring now to Figure 5, as can be seen the 
active suspension force of the present invention is compared 
to a passive suspension system. As can be seen, a large 
suspension force is provided by the present invention. 

[0047] Referring now to Figure 6, the torque arm of an 
active suspension is plotted and compared to a passive 
suspension system used commonly in vehicles. As can be 
seen, the active suspension of the present invention has a 
greater torque arm and thus the propensity of the vehicle to 
overturn is reduced. 

[0048] While particular embodiments of the invention have 
been shown and described, numerous variations and alternate 
embodiments will occur to those skilled in the art. 
Accordingly, it is intended that the invention be limited 
only in terms of the appended claims. 
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